Abstract: Levels of selected toxic metals (Cd, Cu, Cr, Ni, Pb, Zn, Mn, Fe and Al) were determined in water, sediment and different species of fish in twelve reservoirs of the Prague metropolitan area. These reservoirs are affected by different types of urban drainage systems, which alter the level and fate (properties, availability, accumulation, toxicity) of toxic metals in the aquatic environment. Measurements of toxic metals were complemented by analysis of basic water quality parameters. Environmental quality standards (EQS) were exceeded in more than 50% of the studied reservoirs for the following chemical parameters: total organic carbon (TOC), chemical oxygen demand (COD) and phosphate (PO 4 3-). These parameters indicate a significant organic pollution and a high eutrophication level. Copper was identified as the most hazardous pollutant among the selected toxic metals in water. Other metals (Zn, Fe, Mn) exceeded the EQS only exceptionally. High concentrations of copper and zinc resulting in exceeded EQS were also identified in the sediment of most reservoirs. In a few cases increased concentrations of chromium, cadmium and lead were exceeded the EQS. A high variability of metal levels was detected in fish species, according to their age and food habits. The highest levels of toxic metals were found in the Kyjský reservoir (Zn, Cu, Ni, Cd and Pb), Strnad reservoir (Zn, Cu, Cr and Fe) and the retention reservoirs Stodůlecký N3 (Zn, Cu and Cr) and Hájecký RN3 (Zn, Cu, Cr and Pb). These reservoirs are highly affected by different anthropogenic activities, such as printing industry, traffic (Prague's ring road) and wastewater treatment plants.
INTRODUCTION
The contamination of fresh waters by toxic metals has become a matter of concern over the last few decades, dominantly in heavily industrialized and highly populated cities [1] [2] [3] [4] . Toxic metals are typically released into aquatic ecosystems from domestic and industrial waste water and other human activities [5, 6] , and have devastating effects on the ecological balance of stream and the diversity of aquatic organisms [7] [8] [9] . The solubility, bioavailability and toxicity of toxic metals depend on physicochemical parameters such as pH, hardness, and the presence of organic matter [10, 11] . These parameters are influenced by the type of urban drainage such as combined sewer overflow, storm water drain, or waste water treatment plant [12] . Metals dissolve in water and are easily absorbed by fish and other aquatic organisms. The toxicity of metals causes negative biological effects on survival, activity, growth, metabolism, or reproduction of many species [13] . The load of aquatic ecosystems by toxic metals has been often assessed through analysis of fish species, considering their position on the top of the food chain [14, 15] . Numerous studies [16] [17] [18] carried out on different fish species have shown that toxic metals can change the physiological activities and biochemical parameters of the *Address correspondence to this author at the CTU in Prague, Faculty of Civil Engineering, Thakurova 7, 166 29, Prague 6, Czech Republic; Tel: +420 224 354 348; Fax: +420 224 355 474; E-mail: lucie.dolezalova@fsv.cvut.cz fish body. A number of publications has also compiled the toxic effects of metals and their bioaccumulation in aquatic biota (fish and macrozoobentos) [19] [20] [21] . Symptoms of metal poisoning typically include hyperactivity followed by sluggishness before death, swimming at the surface, lethargic and uncoordinated movements, hemorrhaging at gills and base of fins, shed scales, and extensive body and gill mucous [22] . Elevated levels of toxic metals can alter the haematology [23] , respiratory and cardiac physiology of fish species, and may also lead to retarded growth and inhibition of spawning [24, 25] .
Small and shallow aquatic ecosystems such as urban reservoirs typically have a lower resilience compared to large and deep ones [26] . Particular attention has therefore to be paid to the assessment of the levels of toxic metals and other pollutants in reservoirs located in urban watersheds in agglomerations. This task has been frequently addressed in the past, however most of the previous works were focused separately on toxic metals in water, sediment or fish. This paper presents first complex study of toxic metals occurrence in Prague reservoirs. The main objectives of the study were to quantify the contamination in ecosystems of selected reservoirs with extensive fish farming in the Prague metropolitan area and assess the effect of various pollution sources and urban drainage systems. Three components (water, sediment and fish) of the ecosystem are expected to provide information on the current load, acute risk, long-term load, chronic risk and bioaccumulation (level to which the aquatic biota is loaded from the environment and food) of toxic metals.
METHODS

Field Monitoring and Sampling
Accumulation of toxic metals was monitored in fish farming ecosystems of twelve reservoirs in the Prague metropolitan area, which are affected by different types of urban drainage (Fig. 1) . These reservoirs have small natural catchments, but much of the inflowing water is discharged from large impervious areas, stormwater channels and pipelines. A list of reservoirs with short characteristics is given in Table 1 .
The reservoirs have a small surface area of a few hectares, and they are very shallow, with an average depth of 3-5 m or less. The surrounding urban watersheds therefore exert a strong influence on the water and sediment quality in the reservoirs.
Samples of water were collected 6 times throughout the years 2010 and 2011 to nontransparent 100ml bottles and processed immediately after returning to the laboratory. Conductivity, pH and dissolved oxygen were determined by combined probes (Hach) directly in the field. Samples of sediments were collected from several locations in the reser- 3 and analyzed by the atomic absorption spectrometer SolaarS with graphite and flame atomization. Other parameters were determined in the laboratory by the cuvette tests (Hach -Lange).
Samples of sediments and fish were frozen and freezedried. Fish for analyses were dissected to separate parts and organs (meat, heads, skeletons, fins, scales, gills, air bladders, gall bladders, hearts, livers, kidneys, intestines and gonadssperm and eggs). Samples of sediments were sieved to separate larger fractions (>600 µm), whereas the fraction <600 µm was processed as the total sediments. Sediment and fish samples were microwave-digested in a mixture of 9 ml HNO 3 and 1 ml H 2 O 2 [27, 28] . After the digestion (by ETHOS, Milestone) the sediment and fish samples were analysed for selected toxic metals (Cd, Pb, Zn, Cr, Ni, Cu and Al, Mn and Fe) by atomic absorption spectrometer (SolaarS, Thermo).
The amount of organic matter in sediment samples was identified as loss on ignition, and the proportion of total organic carbon was analysed by TOC instruments Analytik Jena multi N/C 2100 in the laboratory of the Department of Irrigation, Drainage and Landscape Engineering of the Czech Technical University in Prague. The level of metals in water was evaluated according to the Government regulation of the Czech Republic No. 23/2011 [29] , and the level of metals in sediment was evaluated according to the US EPA benchmarkers (TEC -Threshold effect concentration, PECProbable effect concentration) [30] . The level of metals in fish samples was evaluated according to the European Directive 466/2001 [31] , which sets a maximum allowed concentration of various toxic metals in fresh biomass of fish for human consumption.
RESULTS AND DISCUSSION
Water Quality
Values of basic chemical and physical parameters are shown in Table 3 . The Environmental quality standards (EQS) [29] on water quality were exceeded in more than 50% of the studied reservoirs for total organic carbon, chemical oxygen demand, phosphate, ammonium nitrogen and dissolved oxygen. These parameters indicate a high level of eutrophication and organic pollution of the respective reservoirs, indicating that organic pollution is a frequent problem in urban reservoirs [26] . Eutrophication contributes to fish mortality, loss of riparian habitat, death of beneficial aquatic insects and taste and odor problems. The concentrations of toxic metals in water (Table 4) occur in the order Fe> Al> Cu> Mn> Zn> Cr> Ni> Pb >Cd. The concentrations of copper in most observed reservoirs exceed the EQS and therefore cause in water a toxic stress for the fish population. For example, the sensitive species (rainbow trout) produce a physiological stress response, characterized by hyperactivity, increased blood levels of the stress hormone cortisol and synthesis of the metal detoxifying protein already in very low copper concentrations in water (1.4 µg/l) [33] .
Copper also causes reduced sperm and egg production in many fish species, early hatching eggs, smaller fry and increased incidence of abnormalities and reduced survival in the fry [32, 33] . The toxicity of copper also depends on the form of occurrence [34] .
Sediment Quality
Levels of toxic metals in the sediment samples are presented in Table 5 . Metal accumulation in sediment was found in the order Fe> Al> Mn> Zn> Cu> Cr> Ni> Pb >Cd. Note: Values enhanced in bold and italic exceed the EQS [27] The average content of organic matter detected as ignition loss in the total bottom sediments was 9%, with sediments mainly composed of mineral substances. The mean total organic carbon content was 4.7%. The highest content of organic matter (OM) and the highest proportion of total organic carbon (TOC) were found in the Strnad reservoir, whose total sediment has 23% OM and 14% TOC. As shown in Table 5 , the levels of Zn and Cu exceed the US EPA benchmarkers in the majority of studied reservoirs. Levels of Cr, Cd and Pb exceed the critical values in at least one of the reservoirs. Although Zn, Cu and Ni are not highly toxic to humans, they can be highly toxic to some fish and many aquatic animals [34] . Elevated concentrations of Cr, Cd, Cu and Pb in sediment may cause a problem when accompanied by high concentrations of zinc and remobilized into water. Mixtures of zinc with copper, lead, cadmium and chromium are considered to have more than additive toxicity effects to a wide variety of aquatic organisms, including oyster larvae, marine fish, freshwater fish and amphipods [35] . The metals in the sediment of the studied reservoirs are also source of chronic hazard for the aquatic organisms, especially for those living in the bottom sediment.
Quality of Fish
Metal accumulation was found in the order Fe> Al> Zn> Mn> Cu> Ni> Pb> >Cr >Cd for the whole fish bodies.
Metal accumulation levels in fish muscle never exceeded the maximum allowed [31] level of Cd and Pb in fresh biomass of fish for human consumption ( Table 6 ).
The lowest levels of metals in fish was found in reservoirs located below other reservoirs which function as a pretreatment (Košík reservoir 4, Motolský reservoir 3, Stodůlecký reservoir 3) where part of the metals is removed. The highest concentrations of metals in fish were found in Strnad reservoir, Kyjský reservoir and Počernický reservoir.
SUMMARY AND CONCLUSIONS
The study summarized loads of toxic metals and their accumulation in the water, bottom sediments and fish biomass in twelve reservoirs in the Prague metropolitan area. Basic chemical and physical parameters of water and sediment were also measured, because they may influence the behaviour and fate of toxic metals in the aquatic environment.
Measured values of water quality parameters and toxic metals in the monitored reservoirs were often exceeded the EQS, including total organic carbon, chemical oxygen demand, phosphate, ammonium nitrogen, dissolved oxygen and copper. Copper and zinc were evaluated as most hazardous metals in the studied reservoirs. The copper concentrations exceeded the EQS for water and sediment, and increased zinc concentrations were often found in sediment. Both metals are highly toxic to some fish and many aquatic animals. The lead ecological standards were exceeded in four reservoirs and cadmium standards in one reservoir.
The geographical assessment of the loads of metals has concluded that the highest concentrations in sediment were found in the reservoirs Kyjský, Počernický, Milíčov and Hájecký. All of these four reservoirs are located near large industrial areas. The high metal load in the Kyjský and Počernický reservoir is probably caused by a significant storm water input from adjacent urbanized areas, including major polluters such as Prague Heating plant, Vltava-Labe Press (printing plant), Penguin CZ and IDEAL (laundry and dry cleaning of textile and fur products). Another significant source of pollution by toxic metals are the surface flow and exhalations from the busy roads E67 and E65 (R1-Prague ring road) near the Kyjský and Počernický reservoirs. The pollution by toxic metals may be present in a significant portion of combined sewer overflows and illegal wastewater pipelines connected to storm water drains or directly to the recipient -Rokytka creek [36, 37] . Hájecký reservoir and Milíčov reservoir have the smallest watershed area of all reservoirs. Significantly smaller number of industrial polluters is located in their watersheds compared with watershed of Kyjský and Počernický reservoirs. The major polluters are five branches of Prague Heating plant -South City and ex- The measured data in the reservoirs have indicated various types of pollution and eutrophication, and provide a rationale for a further continuous monitoring of the reservoir ecosystems, with particular emphasis on the most polluted reservoirs. It would allow to better evaluate the occurrence and movement of metals between water, sediment and fish. Special attention should be also paid to continuous monitoring and evaluation of the quality of fish, because fish from most of the reservoirs are used for human consumption. Although toxic metals in fish meat meet the valid legislation requirements, it is highly recommended to continue the complex monitoring of the pollutants in the entire system water-sediment-fish.
